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INTRODUCTION
Tumor hypoxia predicts for tumor radioresistance and poor clinical outcome (1) (2) (3) . Tumor cells which survive hypoxic stress are selected for reduced apoptotic potential, increased angiogenic signaling, enhanced metastatic capability, and greater resistance to radiotherapy and cytotoxic chemotherapy. The biological cornerstone of these hypoxia-specific stress responses is the hypoxia-inducible factor 1 (HIF-1) transcription factor (4). Given HIF-1's pro-survival and angiogenic effects, targeted inhibition of HIF-1 signaling has generated interest as a target for therapeutic modulation of radioresistance (5) .
We have previously confirmed tumor radiosensitization with selective pharmacologic blockade of tumor HIF-1 signaling in glioma, squamous cell, and pancreatic cancer cell lines (6, 7) . Nonetheless, the temporal dynamics and compartmental sources (e.g. tumor cells versus stromal vessels) of HIF-1 mediated proangiogenic responses to radiation have not been elucidated; serial in situ imaging would be an ideal means by which to identify such responses to guide future studies to identify optimal timing of HIF-1-targeted intervention with radiation delivery.
Tumor vessels are distinct from their normal counterparts by virtue of their dependence on prosurvival stimulatory cytokines, such as vascular endothelial growth factor (VEGF) (8) following irradiation which is sensitive to pharmacologic inhibition of HIF-1. However, the mechanistic interpretation of results from this study remains unconfirmed.
In the current study, we investigated the mechanism and spatio-temporal dynamics of HIF-1 mediated responses to radiation in C6 glioma and HN5 squamous carcinoma HIF-1 reporter cell lines (11, 12) . In contrast to the reoxygenation-related mechanisms suggested previously, our results indicate that tumor cell HIF-1 signaling is closely associated with microenvironmental ischemia. We first observed in monolayer cultures and multicellular spheroids that radiation Cancer Center, Dept. of Experimental Radiation Oncology). C6 (designated #4C6) and HN5 cells were stably transfected with a dual HIF-1 signaling reporter construct (dxHRE-tk/eGFPcmvRed2XPRT), which has a bifunctional genetic reporter consisting of herpes simplex virus 1-thymidine kinase (HSV-tk) and green fluorescent protein (GFP) under transcriptional control of the hypoxia response element (12) . This construct generated intranuclear GFP signal and HSVtk gancyclovir analog retention under the control of 8x tandem hypoxia response elements.
Cytoplasmic RFP signal under CMV promoter control provided baseline beacon signal. For experiments in hypoxic conditions, culture flasks and plates were incubated for noted times and sequences at 37°C in humidified hypoxic air (1% O 2 , 5% CO 2 , 94% N 2 ) using an InVivo Hypoxic Workstation 400 with a Ruskin hypoxic gas mixer (Biotrace International, Bridgend, UK). automated TECAN Freedom Evo microplate reader (Durham, NC), and normalized according to viable cell density as quantified by WST1 uptake, as previously described (6) .
Spheroid XRT/Treatments/GFP Quantification/Immunohistochemisty. #4C6 multicellular spheroids were generated from 2x10 3 cells in 96-well V-bottomed plates as previously described (12) . Individual spheroids were transferred into agarose coated 96-well flat-bottomed plates and were treated with 0-16 Gy single fraction irradiation as described above for monolayer cultures 2 days after plating, +/-concurrent 200 μM CoCl 2 treatment. Cell viability confirmation and GFP/RFP signal ratio measurement were also as above. GFP signal was normalized to constitutive RFP signal, and was scaled from a baseline value of 1 at day 0 of each experiment.
Digital photomicrographs were taken via a CCD camera-mounted Olympus IX81/FV1000 Fluoview confocal microscope. For immunohistochemical analysis, three spheroids were serially sectioned in their entirety (3-4 adjacent sections, 4 μm thickness) at 50 μm intervals.
Immunohistochemical staining, digital microphotography, and image analysis were performed as indicated below for tumor tissue.
Clonogenic Survival Assays. HN5-hre-HIFshRNA cells were grown to 70% confluence with or without treatment with 1 μg/ml doxycycline for 72 hours. During the final 24 hours, cells were incubated at 21% O 2 (normoxia) or 1% O 2 (hypoxia, via chamber) and irradiated with a 137 Cs source (5.8 Gy/min), with atmospheric conditions maintained. Cells were assayed for colony formation by replating at specified numbers into 6-well plates in drug-free medium. The cells were immediately plated after irradiation, maintained for 12 days in normoxia, and stained with 0.5% crystal violet in absolute ethanol. Colonies with more than 50 cells were counted.
Clonogenic survival curves were constructed from three independent experiments. Fluctuations in signal relaxation (T 2 *) due to susceptibility differences (often attributed to changes in oxygen saturation) were measured using a multi-echo gradient-echo sequence (TE min 4.5ms, 7.23ms interval between each of 12 echoes, TR 1500ms, FOV 2cm x 1.5cm, matrix 256 x 256). A dual-tracer DCE-MRI acquisition (16) was employed using PG-Gd-DTPA (17) and Magnevist. After 1 minute of T 1 -weighted baseline scans using a fast spoiled gradient-echo sequence (TE/TR 1.65ms/75ms, FOV 2cm x 1.5cm, matrix 128 x 96, 50° excitation angle), 0.06 mmol/kg PG-Gd-DTPA was injected via tail vein catheter. Five minutes later, 0.2 mmol/kg Magnevist was injected, and enhancement was monitored for three more minutes. All data was segmented manually and analyzed using Matlab. HIF-1 signaling detection with 18 F-FEAU-PET was performed as above. To facilitate registration, 3D microCT imaging was obtained with an eXplore micro-CT system (GE Healthcare, Buckinghamshire, UK). All imaging was completed within 4 hours. PET was first registered to the reference anatomical CT through a gross rigid transformation to match marker sets and major structures such as body outlines that are visible on both modalities. This initial registration was then further refined through the multi-resolution iterative maximization of a normalized mutual information (NMI) cost function (18) . A similar process was used to register MR to CT, albeit with a high resolution field of view that was limited to anatomy that was visible within the physical tumor window. Once registered together, the PET, CT and MR data sets were fused together, processed and visualized (19) 
observed, closely correlating with areas with pimonidazole retention (Figure 3a) . Quantitative pixel-by-pixel analysis of GFP and VEGF IHC images co-registered with pimonidazole IHC images confirmed that high baseline spatial overlap of GFP (44.84% ± 11.85%) and VEGF (38.85% ± 11.15%) signal with regions of physical hypoxia remained unchanged 48 hours following radiation treatment (43.68% ± 11.18% for GFP and 34.60% ± 8.84% for VEGF, p = ns, 
DISCUSSION
Hypoxia is associated with tumor radiation resistance (3, (20) (21) (22) , and is classically described as a modifier of the physical effects of radiation on tumor cell DNA integrity. In vitro, oxygen enhances direct tumor cell killing at clinically relevant radiation doses (23) . The degree of hypoxia required to fully demonstrate this phenomenon must be severe (e.g. <5 mmHg oxygen) (24) . Adaptive HIF-1 signaling to hypoxia is elicited at much higher concentrations of oxygen (as high as 40 mmHg), with additional modulation occurring as oxygen deprivation becomes more pronounced (25) . This underscores a more complicated interaction between hypoxia and tumor cell radiation response in whole tumors, where radiation impacts tumor cell survival both directly and indirectly through effects on stromal cell populations. Tumor cells which successfully adapt to microenvironmental stress are able to co-opt and/or induce stromal blood vessels to enhance their oxygen and nutrient supply by paracrine growth factor signaling (26).
HIF-1 stimulated tumor expression of VEGF and other pro-angiogenic factors is key to this process (27) . Given that radiotherapy can damage tumor vascular function and lead to secondary ischemic tumor stress, it is logical to expect tumor cell HIF-1 signaling to serve as an important determinant of whole tumor radiation response. This indeed has been shown (10) Other studies have combined vascular MRI imaging with optical assessment of HIF-1 pathway signaling (36) or with pulsed electron paramagnetic resonance (EPRI) localization of physical hypoxia (37) . For this study, we leveraged a multi-modality platform utilizing physically immobilized dorsal skin window tumors to obtain high-resolution data with rigorous image coregistration during an extended time course of repetitive imaging. Our studies confirmed expected limitations of this system caused by the discrepancy between MR image resolution (~156 um in-plane) and the point-spread function of PET (~3 mm). Quantification of baseline voxel-to-voxel correlation of PET signal to T 2 */R 2 * maps remain difficult to reproduce due to PET resolution limitations, as well as adjacent air-tissue interfaces and tissue heterogeneity.
Efforts to improve robustness of quantification are ongoing. Nonetheless, strong qualitative agreement between PET signal and DCE-MRI parametric maps of low molecular weight MR contrast delivery to the extravascular compartment (e.g. Magnevist-dependent permeability maps, 
Targeted inhibition of HIF-1 has been shown to provide direct anti-tumor activity (38) and to enhance tumor radiosensitivity (6, 7, 39, 40) Time (hours)
HN5 HN5
Figure 1 
